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Abstract

Alumina-silica (Al,0;-Si0,) aerogel composite, with low density, low thermal conductivity and high-
temperature stability, is attracting increased interest in the field of thermal insulation application. In this
paper, a novel way to fabricate fibre reinforced Al,0,-Si0, aerogel composite via a facile high-pressure
impregnation approach was reported. Two Al,O,-SiO, aerogel composites, HPe and LPe, were synthesized
via high-pressure and low-pressure impregnation approach, respectively. The effects of the impregnation ap-
proach on the aerogel composites performance were studied, and the impregnation model was established. The
results showed that the as-prepared HPe exhibited higher density uniformity, better high-temperature stability,
higher specific surface area and lower thermal conductivity. It was also shown that the effect of impregnation
approach on the mean density and morphology of the aerogel composites is negligible. However, the standard
deviation of density (0.00857) and mean thickness shrinkage (9.98%) of HPe were 37.8% and 15.4% lower
than that of LPe, respectively. The specific surface area (884.1m?/g) of HPe was 43.5% higher than that of
LPe. The thermal conductivity of HPe at 1100 °C was 2.74% lower than that of LPe. The impregnation model
of the aerogel composites presented that the density uniformity and thermal conductivity of HPe were improved
obviously, because there were less large pores in HPe than in the LPe.
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I. Introduction The question we meet is how to decrease the large pores
and to improve the density uniformity of the My/ASAC.
Lots of studies demonstrated the large impact of high-
pressure impregnation technique on the composite prop-
erties [29,30]. For example, Locs et al. [29] moved
wood and SiO, sol to a hydraulic isostatic press with
the pressure increase up to 30, 60 and 125 MPa in the
process of fabricating SiC ceramics. The results showed
that high-pressure impregnation approach was highly
effective for the introduction of SiO, sol into the wood,
relative impregnation efficiency increases from 45% up
to 95%, and the uniformity of density was improved.

Fibre reinforced silica aerogel composite, with low
thermal conductivity and high mechanical performance,
expands its uses especially as an excellent thermal
insulation material [1-11]. However, alumina-silica
(Al1,0,-Si0,) aerogel, with high specific surface area,
high porosity and high temperature stability [12-17], is
attracting more increased interest in the field of thermal
insulation application [18-25] at elevated temperature.
As with SiO, aerogel, the Al,0,-SiO, aerogel is frag-
ile and difficult to use directly. Recently, mullite fibres
reinforced A1203_Si02 aerogel.compos.it.es (Mf./ ASAC) The objective of this study is to establish an under-
[26-28] were synthesized, which exhibited high me- g, hdine of the influence of impregnation approach on
chanical properties and low thermal conductivity. the Mi/ASAC. In the present work, the Mi/ASAC with

Our research results, however, showed that the den-  hjgh density uniformity is fabricated via a novel facile
sity uniformity of the My/ASAC needs to be improved.  hjgh-pressure impregnation approach. The influence of
impregnation approach on the aerogel composites and
impregnation model are studied. The density unifor-
mity, high-temperature stability, specific surface area
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and thermal conductivity are improved significantly by
the high-pressure impregnation approach.

II. Experimental

Al,0;-Si0, sol was synthesized via sol-gel method
[27] by using aluminium tri-sec-butoxide (ASB) and
tetracthoxysilane (TEOS) as precursors (purchased
from Sinopharm Chemical Reagent Co., Ltd), and the
ethanol (EtOH) as solvent. Ethyl acetoacetate (Etac)
was added to control the speed of hydrolysis. The typi-
cal mole ratio was ASB : TEOS : EtOH : H,O : Etac = 3
:1:52:4.6:0.39. Mullite fibre mat was a type of high
temperature insulation blanket, which was composed of
inorganic mullite fibres and used as reinforcement of
Al,0;-Si0, aerogel composites. Volume content (f.)
of mullite fibres was 7%.

Mullite fibre mat was preformed in a metal mould,
and the mould with the fibre mat was then put in a
sealed container. The Al,0,-SiO, sols were soaked
into the mat by vacuum infiltration approach. The
Al,0;-Si0, sols in the fibre mat gelled and aged in
the container which kept impregnation at the pressure of
5MPa and 0.1 MPa for 48 h, respectively. The retrieved
Al,0,-Si0, wet gels reinforced by mullite fibres were
dried under supercritical EtOH (10 MPa, 270 °C) to pro-
duce M{/ASAC. The obtained Mg/ASAC samples were
denoted as HPe (prepared using high-pressure impreg-
nation at 5 MPa) and LPe (prepared using low-pressure
impregnation at 0.1 MPa).

The bulk density was obtained by measuring the vol-
ume and weight of the composites. In order to assess
high-temperature stability, the Mg/ASAC, samples (with
dimensions of 40 x 40 x 20mm) were calcined at
1200 °C in muffle furnace (KBF1700, China) for 1500s.
The thickness shrinkage (H) of the samples was ob-
tained according to the following formulas:

_(y - H),
H_(l Ho) 100 1)

where H; and H, were the thickness dimensions of the
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sample before and after calcination.

The thermal conductivity of the M¢/ASAC samples
(with dimensions of 2180mm X 20mm) were per-
formed by Hotplate Thermal Conductivity Analyser
(PBD-12-4, China). The hot surface temperatures were
set as 400, 600, 800, 1000 and 1100 °C. Specific sur-
face area of the Al,0,-SiO, aerogel was measured
by using Quantasorb surface area analyser (Autosorb-
iQ2-MP, USA) with N, as an adsorbing gas. Pore size
distribution of the Al,0,-SiO, aerogel was derived
from the adsorption isotherm by using Barrett-Joyner-
Halenda (BJH) theory. The morphological properties of
the Al,0,—Si0, aerogel were investigated by a scan-
ning electron microscopy (FEI Nova NanoSEM 230,
USA).

II1. Results and discussion

3.1. Density uniformity

Two M/ASAC composites (HPe and LPe) with sam-
ple dimensions of 190mm X 190mm X 20 mm were
double side machined with computerized numerical
control (CNC) equipment, and then equally divided into
16 pieces (Fig. 1a). Every piece dimension was 40 x 40
x 20 mm. Figure 1b presents the density distribution of
the My/ASAC.

It is found that the density uniformity of the
M;/ASAC samples is improved significantly by high-
pressure impregnation approach. The mean density of
HPe and LPe is 0.277 and 0.279 g/cm?, but the stan-
dard deviation (SD) of HPe density is 0.00857, which is
37.8% lower than that of LPe (0.01378).

3.2. High-temperature stability

The thickness shrinkage of the Mg/ASAC samples is
presented in Fig. 2. The results illustrate that the high-
temperature stability of HPe (Fig. 2b) is better than that
of LPe (Fig. 2a). The mean thickness shrinkage (MTS)
of HPe is 9.98%, which is 15.4% lower than that of LPe
(11.8%) after calcination at 1200 °C for 1500s. The SD
of thickness shrinkage is also improved via the high-
pressure impregnation approach.
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Number of samples

Figure 1. Al,0;-SiO, aerogel composites (a) and their density distribution (b)
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Figure 2. Thickness shrinkage of the M/ASAC samples: a) LPe and b) HPe
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Figure 3. Thermal conductivity of the M;/ASAC samples

3.3. Thermal conductivity at elevated temperature

The thermal conductivity of the M¢/ASAC samples
was recorded at elevated hot surface temperatures (400—
1100 °C), as shown in Fig. 3. With the rising of temper-
ature, the thermal conductivity of the My/ASAC sam-
ples increased slowly. The thermal conductivities of
HPe and LPe were similar between the temperatures

Volumex10? [cm®-g]

of 400 °C and 800 °C. While the thermal conductivity
(0.071 W/m-K, 1100 °C) of HPe was 2.74% lower than
that of LPe, and 27.5% lower than the data found in lit-
erature [28], which indicated better thermal insulation
performance at elevated temperature.

3.4. Microstructures

Figure 4 shows the nitrogen adsorption isotherms
and pore size distribution of Al,0;-SiO, aerogels. Ac-
cording to IUPAC classification [31], the adsorption-
isotherm of the as-prepared Al,0,-SiO, aerogels (HPe
and LPe) is Type V isotherm, and the adsorption hys-
teresis is Type H3 loop, which exhibits adsorption at
high P/Py and aggregates of plate-like particles giving
rise to slit-shaped pores.

Figure 4b indicates that the average pore diameter
of HPe and LPe are 47.6 nm and 47.9 nm, respectively.
The average pore diameter is smaller than that of air
mean free path (66 nm, 1 atm, 23 °C) [32], which is ad-
vantageous to reduce the thermal conductivity of the
Al,0,-Si0, aerogel composites. The specific surface
area of HPe (884.1 m?/g) is 43.5% higher than that of
LPe (616.3m?/g) and 17.9% higher than the reported
value (750 m?/g) [24].
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Figure 4. Nitrogen adsorption isotherms (a) and pore size distribution (b) of HPe and LPe samples
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Figure 5. SEM images of HPe (a, b, ¢) and LPe (d, e, f) samples

SEM images of HPe and LPe are presented in Fig.
5. As it can be seen, the morphology of HPe and LPe
is similar. The mullite fibres are surrounded by plate-
like Al,0,-SiO, aerogels (Figs. 5c and 5f), and lots of
small slit-shaped pores and large pores can be found.
Figures 5b,e show that LPe contains larger pores than
HPe. This indicates that high-impregnation pressure is
propitious to decrease the large pores. It is consistent
with the above results of HPe with the higher specific
surface area and lower thermal conductivity.

3.5. Impregnation model of aerogel composites

The schematic impregnation model of HPe and LPe
is presented in Fig. 6. The mullite fibre mat is con-
sisted of mullite fibres disorderly arranged in the in-

soaking

mullite fibers Al,0;-Si0, sol
@

Q air bubble

| gelation
[ ————— >3
drying

gelation

drying

¥ 5 MPa (pressure)

plane direction, and lots of large pores can be found
in the mat. When it is soaked in the Al,0;-SiO, sol
via vacuum infiltration approach, the mat is filled with
sol. The Al,0,-SiO, sols gelled and aged in the con-
tainer which kept the pressure at 5SMPa and 0.1 MPa
for 48 h. During the soaking process, lots of small air
bubbles in the sol remained in the mullite fibre mat.
With high-pressure impregnation approach, the air bub-
bles were compressed and their diameter decreased. The
bubbles were fixed in subsequent gelation and supercrit-
ical drying process. Consequently, there were smaller
amount of large pores in HPe than in LPe (Fig. 5b),
which was propitious to decrease the thermal conduc-
tivity of HPe at elevated temperature (Fig. 3). In gen-
eral, the Mg/ASAC samples with higher density unifor-

10.1 MPa (pressure)

L[] Al,0,-Si0, aerogel

Figure 6. Schematic impregnation model of HPe and LPe
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mity (Fig. 1), better high-temperature stability (Fig. 2),
higher specific surface area and lower thermal conduc-
tivity (Fig. 3) can be synthesized via the facile high-
pressure impregnation approach.

IV. Conclusions

Mullite fibre reinforced Al,O;-SiO, aerogel com-
posites, HPe and LPe, were fabricated via a novel facile
high-pressure and low-pressure impregnation approach,
respectively. The effects of impregnation approach on
the aerogel composites performance were studied, and
the impregnation model was established.

No impregnation approach effects on the mean den-
sity and morphology of the Al,0,—SiO, aerogel com-
posites were observed. The mean density of HPe and
LPe is 0.277 and 0.279 g/cm?, respectively, and mor-
phologies of HPe and LPe are similar. Nevertheless,
the standard deviation of density (0.00857) and mean
thickness shrinkage (9.98%) of HPe were 37.8% and
15.4% lower than that of LPe. The specific surface area
(884.1 m?/g) of HPe was 43.5% higher than that of LPe.
The thermal conductivity of HPe at 1100 °C was 2.74%
lower than that of LPe. The impregnation model of the
aerogel composites presented that the air bubbles in sol
were compressed via high-pressure impregnation pro-
cess, and were fixed in subsequent gelation and super-
critical drying process. The density uniformity and ther-
mal conductivity of HPe were improved obviously, be-
cause there were less large pores in HPe than in the LPe.
The as-prepared HPe aerogel composite is an excellent
thermal insulation material with higher density unifor-
mity, better high-temperature stability, higher specific
surface area and lower thermal conductivity.
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